ABSTRACT
cells. Developing T cells at CD4-CD8-double negative (DN) stage, the first stage after early T cells are transported from bone marrow to thymus, were found to be more sensitive to As þ3 toxicity than the T cells at CD4 þ CD8 þ double positive (DP) stage in vitro. Induction of Mdr1 (Abcb1) and Mrp1 (Abcc1), 2 multidrug resistance transporters and exporters of As
þ3
, was associated with the reversal of As þ3 -induced double strand breaks and DNA damage. In order to confirm that the thymus cell populations have different sensitivity to As þ3 in vivo, male C57BL/6J mice were exposed to 0, 100, and 500 ppb As þ3 in drinking water for 30 d. A significant decrease in DN cell percentage was observed with exposure to 500 ppb As
. Low to moderate concentrations of As þ3 were shown to induce higher genotoxicity in sorted DN than DP cells in vitro. Calcein AM uptake and Mdr1/Mrp1 mRNA quantification results revealed that DN cells not only had limited As þ3 exporter activity, but also lacked the ability to activate these exporters with As þ3 treatments, resulting in a higher accumulation of intracellular As þ3
. Knockdown study of As þ3 exporters in the DN thymic cell line, D1 using siRNA, demonstrated that Mdr1 and Mrp1 regulate intracellular As þ3 accumulation and genotoxicity. Taken together, the results indicate that transporter regulation is an important mechanism for differential genotoxicity induced by As þ3 in thymocytes at different developmental stages.
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Arsenic (As) contamination of food and drinking water affects millions of people world-wide. Arsenite (As þ3 ) is a prevalent trivalent inorganic form of As in the environment. As þ3 exposure has been associated with multiple diseases such as diabetes, cardiovascular diseases and cancers (Argos et al., 2010; Engströ m et al., 2016; Schuhmacher-Wolz et al., 2009; Vahter 2008 ). The immunosuppression caused by As þ3 exposure in humans and animal models has been reported by multiple groups (Biswas, et al., 2008; Gonsebatt et al., 1994; Kozul et al., 2009; Soto-Peña et al., 2006) . Many studies have demonstrated that As þ3 has detrimental effects on different types of immune cells (Ezeh et al., 2015; Sakurai et al., 2006) . The thymus is the primary immune organ for the development of T cells, which are key in both humoral and the cell-mediated immunity. During development in thymus, T cells undergo changes in surface marker expression that allow us to recognize distinct subsets: double negative (CD4 À CD8À, DN), double positive (CD4 þ CD8þ, DP) and single positive (CD4þ or CD8þ, SP) (Germain, 2002) . Epidemiological studies have indicated that children exposed to low levels of As þ3 in utero have impaired thymic function and reduced numbers and types of peripheral T cells (Ahmed et al., 2012) .Thymic atrophy and cell cycle arrest have been observed in mice exposed to As þ3 in vivo (Nohara et al., 2008; Schulz et al., 2002) . These studies highlight the necessity for gaining an understanding of the mechanisms of As þ3 -induced toxicities in the thymus.
Our previous studies have demonstrated that As þ3 at environmentally relevant concentrations can induce DNA damage in mouse thymus cells through the inhibition of poly ADP ribose polymerase (PARP) activity as well as the generation of oxidative stress (Xu et al., 2016d) . PARP has a DNA-binding domain that contains 2 zinc (Zn) fingers. As þ3 is known to cause functional impairment of PARP by replacing the Zn on the Zn fingers (Qin et al., 2012; Zhou et al., 2011 Zhou et al., , 2014 . Studies have indicated that As þ3 also induces oxidative stress at higher concentrations (Ding et al., 2009; Qin et al., 2008) , which was confirmed in our mouse thymic cell model in vitro at a 500 nM As þ3 concentration (Xu et al., 2016d) . Previous studies in our laboratory have demonstrated that immune cells are extremely sensitive to As þ3 treatments Ezeh et al., 2014; Li et al., 2010; Xu et al., 2016b) . We have also described the differential sensitivities of mouse peripheral lymphoid organs and tissues to As þ3 (Xu et al., 2016c) . Therefore, understanding the mechanism of the differential sensitivity of different types of immune cells is important for evaluating As þ3 -induced immunotoxicity. As þ3 enters cells via the aquaglyceroporins (AQP3, AQP7, AQP9, AQP10), the glucose permeases (GLUT1, GLUT2, GLUT5), and the organic anion transporting polypeptides (OATP1B1, OATP2B1) (Maciaszczyk-Dziubinska et al., 2012) . Multidrug resistance protein, Mdr1 (ABCB1, P-glycoprotein 1), and multidrug resistance-associated proteins, Mrp1 (ABCC1), and Mrp2 (ABCC2), are the known exporters of As þ3 in eukaryotic cells. Studies have indicated that the over-expression of Mdr1, Mrp1, and Mrp2 is responsible for As þ3 resistance in certain type of cells (Liu et al., 2001 (Liu et al., , 2002 . In our previous studies, we demonstrated that upregulation of Mdr1 and Mrp1 in a thymic T-cell line, D1, decreased oxidative DNA damage (Xu et al., 2016d) . Therefore, these ATP-binding cassette subfamily transporters may be the key factors that regulate the toxicity induced by As
. Our previous studies demonstrated that DN cells are more prone to As þ3 -induced toxicity than DP cells in vitro (Xu et al., 2016a) . In this study, the genotoxicity induced by As þ3 in DN and DP cells was analyzed and compared. We also examined differences in the expression of As þ3 exporters between DN and DP cells and studied the roles of these exporters in the regulation of As þ3 -induced genotoxicity in thymus cells. Animal exposures and primary mouse thymus cells isolation. C57BL/ 6J male mice were purchased from Jackson Laboratory (Bar Harbor, Maine) at 8-10 weeks age. Experiments or treatments were performed after at least one week of acclimation in our animal facility. All animal experiments were performed following the protocols approved by the Institutional Animal Use and Care Committee at the University of New Mexico Health Sciences Center. For in vivo experiments, 2-3 mice (5 per group) were housed per cage and exposed to As þ3 at 0 (control), 100 or 500 ppb via drinking water for 30 days. Mice were fed with 2020X Teklad global soy protein-free extruded rodent diet (Envigo, Indianapolis, Indiana) throughout the experiment. As þ3 doses were prepared fresh weekly by weighing each water bag and determining the appropriate amount of As þ3 stock to add to each bag. Water bags were weighed after each weekly collection and the change in weight was used to estimate the amount of water consumed by mice in each cage. Concentrations of As þ3 in drinking water bags were verified using Mass Spectrometry by Dr Abdul-Mehdi S. Ali at Department of Earth and Planetary Sciences, University of New Mexico. Mice were euthanized after 30 days exposure or on the day of in vitro experiment. Thymuses were harvested and transferred to the laboratory on ice in HBSS on ice. Single cell suspensions of spleen and thymus cells were prepared by homogenizing the organ between the frosted ends of 2 sterilized microscope slides into a dish containing 5 ml of cold mouse medium (RPMI 1640 with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin). For in vitro experiments, cell suspensions from 3 mice were pooled. Cells were then centrifuged at 200 Â g for 10 min and resuspended in fresh mouse medium. Cell numbers and viabilities were determined by AO/PI staining and counting using the Nexcelom Cellometer 2000.
MATERIALS AND METHODS
CD4, CD8, and DHE staining. DHE was resuspended with 158 ml DMSO, and diluted to a final concentration of 5 mM with DPBS À . 1 Â 10 6 cells were washed with DPBS À , resuspended in 100 ml of 5 mM DHE solution and stained with 0.5 mg of APC-conjugated antiCD4 and FITC-conjugated antiCD8 antibodies for 30 min in a 37 C incubator. Cells were washed twice with DPBS À before analysis on an AccuriC6 Flow Analyzer (BD Bioscences, San Jose, CA).
DN cell enrichment and cell sorting. In order to yield enough DN cells for our experiments, an aliquot of the isolated thymus cells were concentrated to 1 Â 10 8 cells/ml in mouse medium and stained with 2 lg/mol PE-conjugated antiCD4 and PE-conjugated antiCD8 antibodies for 15 min at RT. 100 ll of PE selection cocktail was then added to 1 ml of cell suspension. After 15 min RT incubation, 50 ll of magnetic nanoparticles was added to the cell suspension and mixed by pipetting followed by a 10 min incubation at RT. Then cell volumes were brought up to 2.5 ml by adding DPBS À containing 2% FBS and 1 mM EDTA. Tubes were then placed into the magnet for 5 min and cells that remained in suspension (DN cells) were collected into a fresh tube. Enriched DN cells and the remaining total thymus cells were stained with 2 lg/ml FITC-conjugated antiCD8 and APCconjugated antiCD8 in mouse medium and DN and DP cells were sorted on an iCyt SY3200 cell sorter (Sony, San Jose, California) at 15 000 events/s to achieve >99% purity. The enrichment step with magnetic nanoparticles increased the efficiency of getting DN cells by approximately 20 times.
The single cell gel electrophoresis assay (Comet assay). Cells were washed with DPBS À and resuspended at 1 Â 10 6 cells/ml in DPBS À . 30 ll of cells were placed into a 1.5 ml microcentrifuge tube containing 250 ll low melting point agarose at 37 C and then each sample was applied to a one well of a 20-well CometSlide (Trevigen). After the agarose was solidified, cells were lysed overnight with Lysis Solution þ 10% DMSOl The following day the slide was electrophoresed in ice cold alkaline buffer with 1 mM EDTA (pH > 13) at 21 V for 30 min. Slides were dried, stained with Sybr Gold and imaged with an Olympus IX70 inverted fluorescence microscope. 50 cells from each well of the slides were scored using CometScore (TriTek Corp., Sumerduck, Virginia).
Oxidation state specific hydride generation-cryotrapping-inductively coupled plasma-mass spectrometry. The analysis of As species by hydride generation-cryotrapping-inductively coupled plasmamass spectrometry (HG-CT-ICP-MS) was performed as previously described (Currier et al., 2014; Matou sek et al., 2013) . Briefly, cell pellets were lysed in ice-cold deionized water. The trivalent species were measured in an aliquot of cell lysate directly. Another aliquot was treated with 2% cysteine and analyzed for total inorganic As (As þ3 and As ). Cysteine-treated pentavalent As standards were used for calibration as previously described in Hern andez-Zavala et al. (2008) . The LODs for As species analyzed by HG-CT-ICP-MS ranged from 0.04 pg As for methylated arsenicals to 2.0 pg As for inorganic arsenicals. All values were expressed as pg of As in an arsenic species.
RNA isolation and qPCR. RNA isolation was performed on mouse thymus cells following the manual of the RNeasy Mini Kit and QIAshredder from the manufacturer. An Agilent Nanodrop spectrophotometer (Santa Clara, California) was used to quantify the concentrations of extracted RNA in each sample. 60 ml mixed solution containing a minimum of 1080 ng RNA was reverse transcribed (RT reaction) on SimpiAmps thermal cycler (Life Technologies) using the high capacity cDNA reverse transcription kit. Samples were then diluted to approximately 6 ng/ml with RNase, DNase free water and stored at À20 C. Real time PCR (qPCR) reactions were performed in 10 ll per reaction in a 384-well plate with TaqMan gene expression assays of Gapdh, Mdr1a, Mdr1b, Mrp1, Mrp2, Nrf2, and Hmox1 probes on a Applied Biosystems ViiA 7 Real-Time PCR System (Life Technologies). Comparative C T (first amplification cycle exceeding threshold) was applied for quantification, and GADPH was used as the endogenous control. The method to calculate the comparative C T is described in detail in the manual from Life Technologies.
Mrp1 intracellular flow cytometry staining. For Mrp1 intracellular staining, thymus cells were washed twice with 2 ml of DPBS À and incubated with 0.5 mg of CD8 and CD4 antibodies in 100 ml of DPBS À for 30 min at RT in dark. Cells were fixed by adding 100 ml of IC fixation buffer and incubated for 30 min at RT in dark. Cells were washed twice with 2 ml of DPBS À and then incubated in 100 ml of 90% ice cold methanol for 30 min at 4 C in dark. Washed cells were resuspended in 100 ml of DPBS À and stained with 20 ml of Mrp1 antibody and incubated for 30 min at RT in dark. Cells were washed twice with 2 ml of DPBS À before being analyzed on an AccuriC6 Flow Analyzer (BD Biosciences).
Calcein AM uptakessay. The calcein AM assay was performed according to the uptake assay procedures previously described in Bircsak et al. (2013) , Olson et al. (2001) , and Udasin et al. (2016) . Briefly, calcein AM was added into 1 Â 10 6 mouse thymus cells in 1 ml of 37 C prewarmed mouse medium to a final concentration of 50 nM. Samples were incubated at 37 C in the dark for 30 min with or without 20 lM Verapamil (Mdr1 inhibitor) or 50 lM MK-571 (Mrps inhibitor). For cell subset differentiation, cells were then washed and resuspended in 100 ll cold DPBS À, stained with 0.5 mg of APC-conjugated antiCD4 and PEconjugated antiCD8 antibody for 30 min on ice in the dark. After 2 washes with cold DPBS À , cells were analyzed on an AccuriC6
Flow Analyzer (BD Bioscences).
Mdr1, Mrp1 siRNA knockdown in D1 cells. The D1 cell line was a gift from Dr Scott K. Durum (Center for Cancer Research, NIH, Frederick, Maryland). The D1 cell line is a CD4-CD8-, IL-7 dependent early T-cell line established from p53 knockout mouse thymocytes (Kim et al., 2003) . As previously described, cells were maintained in mouse medium with 55 mM 2-ME and 50 ng/ml IL-7 and subcultured every 3 days (Xu et al., 2016a) . For siRNA knockdown experiments, D1 cells were resuspended in siRNA delivery medium (Accell siRNA delivery media þ 2% FBS þ 50 ng/ml IL-7) at 2 Â 10 5 cells/ml with mouse Mrp1, mouse Mdr1, scrambled, or FITC-labeled scrambled control siRNA at 20 nM concentration and incubated in 37 C, 5% CO 2 humidified incubator for 52 h as previously described in Ruppert et al. (2012) . Cells were then replated into a 6-well plate in mouse medium with 55 mM 2-ME and 50 ng/ml IL-7, treated with As þ3 at 50 and 500 nM concentrations for 18 h.
Statistics. Excel 2010 and Sigma Plot 12.5 software were used for data analysis. One-way analysis of variance followed by a Dunnett's Method (multiple comparisons vs control group) were used to determine differences between control and treatment groups. For the in vivo As þ3 experiments, 5 animals (n ¼ 5) were assigned to each group. Three independent experiments were conducted and comparable results were acquired. For the in vitro experiments, 3 replicates were performed and analyzed for each dose.
RESULTS
Selective Toxicity in DN Cells Population After In Vivo As
13

Exposure
Previous studies in our lab demonstrated As þ3 treatments selectively decreased DN cell percentage in vitro (Xu et al., 2016a) . In order to see whether DN cells are more sensitive to As þ3 in vivo, 9-week-old male C57BL/6J mice were exposed to 0, 100, and 500 ppb As þ3 for 30 days via drinking water. Thymus cells were isolated and stained with CD4 and CD8 cell surface markers and analyzed on a flow cytometer. A significant decrease in DN cell percentage was observed at 500 ppb ( Figure 1A ). There was no change in DP cell percentage ( Figure 1B) . We calculated the total cell number of each population using the total thymus cell recovery from each individual mouse to determine if the absolute cell numbers in the DN and DP populations were affected.
Although significant decreases in total cell numbers were observed in both DN and DP cells (Figs. 1C and D) , the decrease in DN cells was higher than in DP cells. These results indicated that As þ3 exposure in vivo selectively reduced DN cell percentage, which resulted in an overall decrease of the cell numbers at later stage.
DN Cells Were More Sensitive to As 13 -Induced Genotoxicity and
Oxidative Stress Than DP Cells In Vitro The selective reduction of DN cell percentage was observed both in vitro and in vivo. In order to see if As þ3 induces higher genotoxicity in DN than DP cells, primary thymus cells from four 12-week-old male C57BL/6J mice were isolated, pooled, and sorted into the DN and DP cell populations (Figure 2A) . DN, DP, and unsorted thymus cells were treated with 0 (control), 50 and 500 nM As þ3 for 18 h in vitro. Cell viability was examined using AO/PI staining, and DNA damage was analyzed by Comet assay. A significant decrease in cell viability was only observed at 500 nM As þ3 treatment for DN cells ( Figure 2B ). A dose-dependent increase of DNA damage was observed in DN cells starting at 50 nM ( Figure 2C ), indicating that DN cells are more prone to As þ3 -induced DNA damage.
Oxidative stress in sorted DN and DP cells was measured by Figure 1 . DN and DP percentage of cells and cell numbers from 30 days As þ3 drinking water-exposed mice. Nine-week old male C57BL/6J mice were exposed to 0, 100, and 500 ppb As þ3 through drinking water for 30 days. Thymus cells were isolated, stained with CD4 and CD8 surface markers, and analyzed on a flow cytometer. A, % of DN cells in thymus cells. B, % of DP cells in thymus cells. C, total DN cell numbers (% of DN cells x total cell recovery). D, total DP cell numbers (% of DP cells Â total cell recovery). Results are means 6 SD. * Significantly different compared with control (P < .05, n ¼ 5).
DHE staining on a flow cytometer and Hmox1 mRNA expression by qPCR. Dose-dependent increases in both DHE fluorescence and Hmox1 expression were observed in DN cells after 18 h in vitro treatments with As þ3 (Figs. 3A and B) , which was more significant than in DP cells. The expression of Nrf2, the oxidative stress regulator, was also analyzed by qPCR. Upregulation of Nrf2 was observed in both DN and DP cells only at 500 nM ( Figure 3C ). Previous studies in our lab indicated that higher genotoxicity was associated with greater intracellular As (Xu et al., 2016c) . Therefore, we used HG-CT-ICP-MS system to determine the intracellular As þ3 accumulation in DN and DP cells after in vitro Figure 2 . Viability and DNA damage in DN and DP cells after 18 h in vitro treatments with As þ3 . Thymus cells were isolated from three 12-14-week-old male C57BL/6J mice and pooled. Cells were enriched with STEMCELL EasySep PE positive selection kit, stained with CD4 and CD8 surface markers and sorted into DN and DP cell populations. Sorted cells were treated with 50 and 500 nM As þ3 for 18 h in vitro. A, thymus cells were sorted into DN and DP cells. B, cell viability were measured by AO/PI staining. C, DNA damage was measured by alkaline Comet assay. Results are means 6 SD. *Significantly different compared with control (P < .05).
Figure 3. Oxidative stress in DN and DP cells treated with As þ3 for 18 h in vitro. Thymus cells were isolated from three 12-14-week-old male C57BL/6J mice, pooled, sorted into DN and DP populations and treated with 50 or 500 nM of As þ3 for 18 h. A, superoxide production was measured by DHE mean channel fluorescence. B, Hmox1 mRNA expression was measured by qPCR. C, Nrf2 mRNA expression was measured by qPCR. Results are means 6 SD. *Significantly different compared with control (P < .05).
treatments. More intracellular As þ3 was observed in DN than DP cells with 18 h treatments of 50 and 500 nM As þ3 (Figure 4 ), suggesting that the selective genotoxicity in DN cells may be the result of higher intracellular As þ3 accumulation. Previous findings in our lab suggested that the up-regulation of Mdr1 and Mrp1 in mouse thymus cells treated with 500 nM As þ3 decreased the oxidative stress and double strand breaks (Xu et al., 2016d) . To examine whether the DN and DP cells have differential Mdr1 and Mrp1 expressions, sorted DN and DP cells were treated with 0, 50, and 500 nM As þ3 for 18 h in vitro. Mdr1 (a and b) and Mrp1 mRNA expressions were analyzed by qPCR. Significant increase of Mrp1 expression was observed in DP cells starting from 50 nM ( Figure 5C ). Although there was no significant increase in both Mdr1a and Mdr1b expression in DP cells, a slight decrease in both Mdr1a and Mdr1b expression was observed in DN cells at 500 nM (Figs. 5A and B) . We also performed qPCR analysis on Mrp2 and did not see any amplification, indicating that Mrp2 is not expressed in early T cells (data not shown). These results suggested that DN and DP cells express different levels of the 2 As þ3 exporters, especially with the treatments of As þ3 .
Since the differential expression of Mrp1 mRNA was more significant between DN and DP cells than Mdr1, we wanted to confirm the Mrp1 expression at protein level in DN and DP cells after 18 h in vitro treatments of As þ3 . Although the background Mrp1 expression in DN and DP cells were similar, significant increase of Mrp1 expression was observed only in DP cells starting from 50 nM As þ3 (Figure 6 ). The results confirmed our hypothesis that DP cells have stronger ability to increase the expression of As þ3 exporters than DP cells in As þ3 exposure at protein level. The Calcein AM assay has been used to measure Mdr1 and Mrp1 activities (Evseenko et al., 2006; Oslon et al., 2001) . We used the Calcein AM uptake assay to compare exporter activities in DN and DP cells and optimized the staining concentration to make it compatible with the surface marker staining. The Calcein mean channel fluorescence was higher in DN cells than in DP cells with or without As þ3 treatment, suggesting that DN cells have lower exporter activities in general (Figure 7 ). Treatment with 500 nM As þ3 for 18 h significantly increased calcein fluorescence in DN cells and decreased calcein fluorescence in DP cells ( Figure 7B ), indicating the differential patterns of exporter activation in DN and DP cells with As þ3 treatments.
DNA damage in sorted DN and DP cells treated with As þ3 in combination with the Mrp1 inhibitor, MK-571, were also analyzed. MK-571 significant increased the DNA damage caused by 50 and 500 nM As þ3 only in the DP cells (Figure 8 ), indicating that
Mrp1 is important in the regulation of As þ3 -induced DNA damage in DP cells. Overall, these results supported our hypothesis that Mdr1 and Mrp1 expressions and activations are different in DN and DP cells, which may be the reason for differential sensitivities to As þ3 -induced genotoxicity in the DN and DP cells. Figure 6 . Mrp1 expression in DN and DP cells treated with As þ3 in vitro for 18 h. Thymus cells were isolated from three 12-14-week-old male C57BL/6J mice, pooled, and treated with 50 or 500 nM of As þ3 for 18 h. Cells were stained with CD4 and CD8 surface markers, followed by the intracellular staining of Mrp1. Mrp1 expression was measured by Mrp1 mean channel fluorescence after staining with Mrp1 antibody and analyzed on a flow cytometer. Results are means 6 SD. *Significantly different compared with control (P < .05). Figure 7 . Calcein AM uptake in DN and DP cells treated with As þ3 in vitro for 18 h. Thymus cells were isolated from three 12-14-week-old male C57BL/6J mice, pooled, and treated 500 nM As þ3 . Calcein AM uptake assay was used to measure the activity of exporters in DN and DP cells separated by CD4 and CD8 surface marker staining.
Verapamil is a potent Mdr1 inhibitor and MK-571 is an inhibitor to the Mrp transporter family proteins. A, Histogram of unstained and calcein stained cells. B, Calcein mean channel fluorescence in DN and DP cells after As þ3 treatments. Results are means 6 SD. *Significantly different compared with control (P < .05). #Significantly different compared with the relative dose in DN cells (P < .05).
Knockdown of Mdr1 and Mrp1 Increased As
13
-Induced Genotoxicity In Vitro A mouse thymic DN T cell line, D1, was utilized to confirm whether the decreases in Mdr1 or Mrp1 expression affect the genotoxicity. D1 cells were cultured in siRNA delivery medium with Mdr1 or Mrp1 siRNA and the successful delivery of siRNA was confirmed ( Figure 9A ). Significantly increased calcein fluorescence was observed with both Mdr1 and Mrp1 siRNA knockdown ( Figure 9B ), indicating a suppression of exporter functions. Cells were treated with As þ3 for 18 h in vitro.
Significant increase of intracellular As þ3 was observed in both knockdowns ( Figure 9C ), and there was no methylated forms of As in these cells. Interestingly, Mrp1 knockdown increased the intracellular As þ3 accumulation more significantly than Mdr1 knockdown. Successful Mrp1 knockdown at protein level was also confirmed by flow cytometry ( Figure 9D ). These results suggested that the successful delivery of the siRNAs decreased the activities of exporters and lead to increased intracellular As þ3 accumulation in D1 cells. The siRNA knockdown of Mdr1 and Mrp1 at mRNA levels was analyzed by qPCR. A significant decrease in Mdr1 and Mrp1 mRNA expression was observed with Mdr1 and Mrp1 siRNA, and Mrp1 siRNA achieved a higher percentage of knockdown than Mdr1 siRNA (Figs. 10A-C) . The knockdowns confirmed the activation of both genes by As þ3 treatments. Interestingly, a slight increase in Mrp1 expression was observed with the knockdown of Mdr1 (Figs. 10A and B) . Hmox1 was also analyzed by qPCR in the siRNA knockdown samples and Mrp1 knockdown showed a much higher increase in Hmox1 expression than Mdr1 knockdown with As þ3 treatments. These results were in agreement with the increases in intracellular As þ3 levels after the siRNA knockdown ( Figure 9C ).
The effects of the Mdr1 and Mrp1 knockdowns in D1 cells on viability and DNA damage induced by As þ3 were also examined.
Decrease in cell viabilities and increase in DNA damage were observed in Mdr1 and Mrp1 knockdowns (Figure 11 ). Mrp1 siRNA knockdown had stronger effects on viability and DNA damage than Mdr1 siRNA knockdown, which correlated with the intracellular As þ3 accumulation ( Figure 9C ). Collectively, these results indicate that differences in Mdr1 and Mrp1 expression and activity could result in differential cellular sensitivities to As þ3 -induced genotoxicity.
DISCUSSION
As þ3 is known to cause detrimental effects on multiple types of cells and systems (Argos et al., 2010; Biswas et al., 2008; Cooper et al., 2009; 2013; Gonsebatt et al., 1994; Soto-Peña et al., 2006) . Our previous results demonstrated that As þ3 -induced both genotoxicity and nongenotoxicity in mouse thymus cells (Xu et al., 2016a,d) . Although immune cells in general have high sensitivities to As þ3 , the early T cells at DN stage were shown to be selectively targeted by low concentrations of As þ3 in vitro (Xu et al., 2016a) . In this study, we confirmed that the selective decrease of DN cells also occurred in mice exposed to As þ3 via drinking water. The percentage of the DN cells, but not the DP cells, was decreased in 500 ppb As þ3 exposed mice. The absolute DN and DP cell numbers were decreased in 500 ppb As þ3 exposed mice, indicating that the As þ3 effects on cells at early stage resulted in a decrease in later stage cell numbers. The study suggested that the reduction of thymus cell number in 500 ppb As þ3 exposed mice was the result of the selective toxicity on early DN cells. Hmox1 is induced by oxidative stress and considered to be protective to cells under oxidative stress (Vile et al., 1994) . Expression of Hmox1 mRNA was very significant in As þ3 treatment at 500 nM (Xu et al., 2016d) . In this study, we analyzed the expressions of Hmox1 and the up-stream gene that regulates Hmox1, Nrf2, in DN and DP cells after As þ3 treatment. Increase of Hmox1 mRNA expression was very significant in DN cells, which confirmed our hypothesis that As þ3 induces more oxidative stress in DN cells than DP cells. Interestingly, no significant difference in Nrf2 mRNA expression was observed in DN and DP cells. Although many studies have indicated that Hmox1 can be regulated by Nrf2 (Loboda et al., 2016; Ma, 2013; Potteti et al., 2016) , induction of Hmox1 was showed to be regulated by other transcriptional factors such as the AP-2 family of transcription factors . Nuclear accumulation of Nrf2 was showed to be not necessary for Hmox1 induction (Reichard et al., 2007) . Therefore, Hmox1 induction by low to moderate concentrations of As þ3 in thymus cells may also be independent of Nrf2 induction. Mdr1, Mrp1, and Mrp2 are important As þ3 efflux proteins in eukaryotic cells. Although Mrp2 is mainly expressed by hepatocytes, Mdr1 and Mrp1 are known to be expressed in human immune cells (Jedlitschky et al., 2006; van der Kolk et al., 2001) . Our previous study demonstrated the induction of Mdr1 and Mrp1, which correlated with the decreases of As þ3 , induced oxidative stress and double strand breaks in thymus cells (Xu et al., 2016d) . Therefore, we measured Mdr1 and Mrp1 mRNA expression and activity to see if the differential sensitivities of DN and DP cells to As þ3 -induced toxicity were due to As þ3 export. Our results demonstrate that the exporter activity in DN cells was lower than in DP cells. Also, Mdr1 and Mrp1 mRNAs were not significantly induced in DN cells after 18 h 50 and 500 nM As þ3 in vitro treatments in contrast to the DP cells. These results suggested that the high As þ3 genotoxicity in DN cells was due to increased exposure resulting from limited exporter induction. In order to confirm that the high sensitivity of DN cells to As þ3 was due to As þ3 export, we measured the intracellular As þ3 in sorted DN and DP cells treated with As þ3 in vitro. The accumulation of intracellular As þ3 levels was significantly higher in DN cells than in DP cells at 18 h, which may be the result of limited exporter activity. Since we already confirmed from in vivo studies that intracellular As accumulation was responsible for differential genotoxicity in cells from multiple immune organs (Xu et al., 2016c) , the higher As þ3 accumulation in DN cells observed in this study provided an explanation for why DN cells are more sensitive to As þ3 -induced toxicity than DP cells. DN cells are highly IL-7 dependent cells. Our previous findings indicated that As þ3 can suppress the IL-7 signaling pathway which cause cell cycle arrest (Xu et al., 2016a) . Therefore, the selective decrease in DN cell population after As þ3 exposure may be the result of a combination effect of both genotoxicity and nongenotoxicity. Mdr1 and Mrp1, also known as Abcb1 and Abcc1, are 2 ATPdependent multidrug resistant proteins. As þ3 is often used in the form of arsenic trioxide (ATO) to treat different types of malignant diseases such as leukemia and cancers. Many studies have demonstrated that certain malignant cells with high expressions of Mdr1 and Mrp1 were resistant to ATO therapy (Seo et al., 2007; Sertel et al., 2012) . In this study, we performed siRNA knockdown for both Mdr1 and Mrp1 in a mouse DN -Tcell line to confirm the association between Mdr1/Mrp1 expression and the genotoxicity. The knockdown of Mdr1 and Mrp1 not only increased the DNA damage induced by As þ3 in D1 cells, but also decreased the cell viability after 18 h As þ3 treatment.
These results study show that the inhibition on these exporters specifically may enhance the As þ3 toxicity in certain type of cells. The effect of Mrp1 knockdown was much greater than Mdr1 knockdown. Since Mrp1 export GSH-conjugated As þ3 , and
Mdr1 export unconjugated As
þ3
, it is possible that most of the intracellular As þ3 are GSH-bound and need to be transported by
Mrp1
. In summary, the study confirmed that As þ3 selectively target DN thymus cells. The greater sensitivity of DN cells compared with DP cells was a result of more intracellular As þ3 accumulation and therefore exposure. The expressions and induction of 2 major As þ3 exporters after As þ3 treatments, Mdr1 and Mrp1, were found to be responsible for the differential intracellular As þ3 and genotoxicities. This is the first study that clearly demonstrated a relationship between intracellular As þ3 level and As þ3 exporter activities and expressions, which suggested an explanation of how As þ3 exporters regulate the As þ3 -induced toxicity in thymus cells at different stages.
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